In Optogenetics, cells, e.g. neurons or cardiac cells, are genetically altered to produce for example the lightsensitive protein Channelrhodopsin-2. Illuminating these cells induces action potentials or contractions and therefore allows to control electrical activity. Thus, light-induced cell stimulation can be used to gain insight to various biological processes. Many optogenetics studies, however, use only full field illumination and thus gain no local information about their specimen. But using modern spatial light modulators (SLM) in conjunction with computer-generated holograms (CGH), cells may be stimulated locally, thus enabling the research of the foundations of cell networks and cell communications. In our contribution, we present a digital holographic system for the patterned, spatially resolved stimulation of cell networks. We employ a fast ferroelectric liquid crystal on silicon SLM to display CGH at up to 1.7 kHz. With an effective working distance of 33 mm, we achieve a focus of 10 µm at a positioning accuracy of the individual foci of about 8 µm. We utilized our setup for the optogenetic stimulation of clusters of cardiac cells derived from induced pluripotent stem cells and were able to observe contractions correlated to both temporal frequency and spatial power distribution of the light incident on the cell clusters.
INTRODUCTION
Computer generated holograms (CGH) cover a wide range of applications, e.g. the calculation of customized diffractive optics. 1 In conjunction with a spatial light modulator (SLM), such a digital holographic system can be used for holographic displays 2 or even adaptive beam forming in material inspection systems. 3 A research field which has roused much interest lately and will greatly benefit from digital holographic systems is optogenetics. 4 Here cells, neurons or cardiac cells, are genetically altered to produce for example the light-sensitive protein Channelrhodopsin-2. Illuminating these cells induces action potentials or contractions and therefore allows to control electrical activity. Thus, light-induced cell stimulation can be used to gain insight to various biological processes. Here, we present a digital holographic system for the patterned, spatially resolved stimulation of cell networks. The general setup and theoretical limitations thereof are discussed in section 2. The calculation of computer-generated holograms using error diffusion 5 and sign thresholding or Gerchberg-Saxton-type iterative algorithms 6 as well as simple non-iterative technique will be dicussed in section 3. We will present and discuss first experimental data on the light-induced stimulation of cardiomyocyte clusters in section 4 and give conclusions and an outlook in 5. 
Modulator
For our experiments, we are using ferroelectric liquid crystal SLMs (Forth Dimension Displays) which offer binary phase-only modulation at a pixel pitch of 8.2 µm and 2048 * 1536 pixels resolution. Depending on the firmware and driver board, the maximum available frame rate is either 1.7 kHz or 400 Hz when uploading phase patterns to the SLM's memory or feeding phase patterns directly from a graphics card, respectively. The SLM's response is polarization-dependent, so the input polarization has to be matched accordingly. Furthermore, the SLM does not rotate the polarization by an angle of π but by π/3, so that another polarizer has to be used to ensure true 0-π phase modulation.
Components and theoretical limitations
The schematic setup of our digital holographic system is displayed in fig. 1 .
Schematic representation of the digital holographic system. A laser (488 nm; 60 mW) is collimated by a lens L and then matched in polarization to the SLM by a half-wave plate λ/2 and a polarizer P. The Telescope L2-L3 matches the beam width to the size of the SLM. The SLM provides binary phase-only modulation of the incident light. Telescope L3-L4 scales the SLM down to achieve a higher numerical aperture for the illumination of biological samples S in a microscope. The second polarizer P ensures a 0-π phase modulation.
A blue laser (488 nm for the activation of Channelrhodopsin-2) is collimated and matched to the SLM in polarization by a half-wave plate and a polarizer. Then, the collimated beam is magnified by a Kepler telescope to illuminate the whole active area of the SLM, which modulates the light phase. The modulated beam is then demagnified by another telescope and projected onto the sample. A second linear polarizer ensures the modulated phase takes only the values 0 or π for true binary phase modulation.
The setup uses the 0th diffraction order, so that most of the light incident on the SLM can be used to illuminate the samples. Therefore, the SLM itself is used to display binary Fresnel lenses to focus light to the sample. To achieve the maximum throughput of light, the minimum focal length is chosen for the Fresnel lenses. This minimum focal length depends on the modulator size and pixel pitch and equates to 423 mm for our setup. To achieve higher spatial resolution, the numerical aperture of the Fresnel lenses has to be increased. This is achieved by the telescope L4-L3 in figure 1 . This telescope shrinks the Fresnel lens' focal length by a factor of (f 4 /f 3 ) 2 , where f i are the respective focal lengths, while increasing its numerical aperture by a factor of f 4 /f 3 .
Therefore, the theoretical limit d for lateral spatial resolution is
where λ is the wavelength of the laser, f min is the minimum focal length of the Fresnel lens and w is the width of the modulator. For our setup, this equates to a theoretical minimum lateral spatial resolution of 4 µm, which translates to an achievable minimum focus diameter of 8 µm.
Lateral displacement of the foci generated by the Fresnel lenses is achieved by simple lateral shifting of the Fresnel lenses on the modulator. Therefore, the positioning accuracy of the individual foci is limited by the pixel pitch of the SLM (8 µm). The working distance of this setup comprises of two components: The focal length of L4 and the demagnified f min and sums to a distance of (25 + 8.2) mm = 33.2 mm. This enables the easy insertion of biological samples in Petri dishes or other analytical devices such as multi-electrode arrays. The current implementation of our setup is shown in fig. 2 , mounted on an inverted Nikon microscope. For increased mechanical rigidity and decreased oscillations, our setup is mounted on a portal made from Thorlabs X95 profiles. 
DIGITAL HOLOGRAM CALCULATION
Depending on the complexity of the illumination pattern, we employ several different methods to calculate the holograms which determine the illumination. For holograms representing the illumination of the sample with a sparse spot pattern, simple Fresnel lens holograms are used. The corresponding phase is calculated from the parabolic phase function φ = e (−i * π * r
where r is the radial position on the SLM as seen from its center and i = √ −1. These phase patterns are then convolved with a 2d Dirac pattern representing the positions that have to be illuminated, which results in a complex-valued hologram which may be binarized by simple sign thresholding of the phase angle. Holograms for more complex illumination schemes containing large homogeneously illuminated areas have to be calculated in a different manner, since simple sign thresholding will only reconstruct the edges during reconstruction of the holograms. 5 Holograms of medium complexity may be calculated using an iterative approach. We employ a hybrid input-output algorithm 7 which converges to good results in 16 iterations but is, due to the high number of pixels on the SLM, quite time-consuming. If time is of essence, another non-iterative method for hologram a d calculation may be used. Here, a complex-valued hologram is calculated via convolution as described for the sparse spot pattern, but in this case using non-sparse illuminated areas. Then, this complex-valued hologram is converted into a phase-only hologram (POH) using bi-directional error diffusion, 5 which converts complex-valued holograms to POH in miliseconds time for 2 megapixel holograms. Following this step, the POH is converted into a binary phase hologram by sign thresholding. The process described here is illustrated in fig. 3 Figure 3. Illustration of the steps for generating a binary hologram using error diffusion. First, the desired illumination is generated and translated to coordinates on the SLM, since lateral shifting of a focus is achieved by an according shift of the corresponding Fresnel lens (a). Then, a complex-valued hologram is calculated by convolving the desired illumination pattern of (a) with a Fresnel lens (b). Here, only the phase of this complex value is shown. As a final step, the complexvalued hologram is converted into a binary phase-only hologram by bidirectional error diffusion and sign thresholding (c). The resulting intensity distribution on the sample can be seen in (d).
EXPERIMENTS
In first experiments, our digital holographic setup was used to locally illuminate clusters of cardiomyocytes. The cells under investigation were human cardiomyocytes derived from induced pluripotent stem cells. The cells were genetically altered to express Channelrhodopsin-2 to allow for the light-induced control of the cells' electrical activity. The observation of the cells' activity was performed using a home-built inverted microscope. We acquired videos at 21.88 Hz for 800 frames and then evaluated the per frame change in gray value to extract the cell cluster pacing. As a reference, we first recorded the spontaneous pacing of a hyptothermic cell cluster without illumination. Figure 4 shows the corresponding time trace in blue. One can easily observe that the cluster did not pace during the acquisition time. As a next step, we stimulated the cluster with a single laser spot at a rate of 1.5 Hz for 2 ms per pulse. The spot diameter was measured as 6 µm at a power of 280 µW. The corresponding time trace is depicted in fig. 4 in red. The pacing of the cluster is clearly visible and reaches almost 100 % response to the pre-set pacing frequency. The analysis of the spectrum of this time trace can be seen in figure 5 and reveals a clear peak at 1.5 Hz frequency, thus proving the successful pacing of the cell cluster at the desired frequency.
CONCLUSIONS & OUTLOOK
We have presented a digital holographic system for the holographic illumination of biological samples. This system will allow the electric control of cells at frequencies of up to 1.7 kHz. In first experiments, we were able to successfully demonstrate our ability to stimulate clusters of cardiomyocytes, which were derived from human induced pluripotent stem cells. We were able to force otherwise unresponsive cell clusters to a pacing frequency of 1.5 Hz with a success rate of almost 100 % using a single laser spot with 6 µm diameter and an optical power Amplitude in a.u. of 280 mW. In future experiments, the capability of stimulating cells at high frequencies will be investigated using neurons. Here, the pattern update rate of our setup of 400 Hz will allow for a detailed investigation of signal pathways in neuronal networks at closed-loop operation using feedback from the cell networks, e.g. from multi-electrode arrays. Our setup will allow for multiple spots, their number N being limited by the specific application and diffraction efficiency, but simulations show that holograms for spots with N > 1000 are possible. The available optical power P 0 will divide between all spots, so that the power per spot P N will be P N = P 0 /N , with P 0 reaching over 1 mW for the current setup, resulting in power densities of 5/N W * mm −2 . More sophisticated experiments will be presented during the presentation.
